INTRODUCTION
Protein crystallography is rather like a dog chasing cars. Both are probably foolish and certainly heroic endeavors. But in both cases, the real problem is: suppose you actually manage to catch one, what in the world do you do with it (Victor Bloomfield, 1979, personal communication) .
Our answer to that, other than chewing on the tires, has always been that you look at them. Looking, and especially seeing, is an active process of interpreting, of finding and emphasizing patterns, of adding things and deleting things. This is particularly clear in the case of proteins, for two reasons: First, proteins are so complex that showing every atom is almost immediately rejected as hopelessly confusing. Color plate 1 a shows an all-atom brass model of a small protein, which is only a little more illuminating than a PLATE I Brass Kendrew model of the Staphylococcal nuclease molecule (Arnone et al., 1971 ) , with Tygon tubing tied along the backbone and filled with fluorescent dye. (a) (top left) With just room lights; (b) (top right) room plus UV light; (c) (bottom) UV light only, to emphasize the course of the polypeptide chain.
PLATE 2 Plastic CPK space-filling model of the Felix molecule (Hecht et al., 1990) , with sulfurs of the SS bridge showing in yellow.
PLATE 3 A thin slice through ribonuclease A (PDB file 5RSA; Wlodawer and Sjolin, 1983) , with vectors for the Ca's (white) and active site His (blue). Dots outline the exposed surface (Connolly, 1983) color-coded with green (C), red (0), blue (N), and yellow (H). Most dots are yellow.
Brass models or stick figures concentrate on the bond connectivity of the molecule, while CPK models or atom-sphere figures concentrate on the outside shape in three dimensions. In fact, one ofthe most basic and fascinating things about protein structures is that they are inherently both one-and three-dimensional at the same time. The interplay between those two aspects is crucial to protein folding, evolution, mobility, and much of function; therefore, it is desirable to show both together, and several types of representation at least attempt to do so. Dot surfaces (Connolly, 1983) are primarily a way of showing outside surface, but they have the advantage that you can see through them, so that a stick model can be included inside. When working interactively, one can in fact be aware of both the identity and connectivity of the amino acids and of the three-dimensional shapes they are creating. As for all protein representations, stereo helps, color helps, real-time rotation helps, and all together are even better. In static two-dimensional illustrations, comprehensibility unfortunately requires showing just a thin slice. Plate 3 is such a slice through ribonuclease, outlining with dots the surface shape of a cross-section through the active site. The dots are colorcoded by atom type; there are a few patches of red or blue, but primarily the dots are yellow, which is the color for hydrogens. This slide was made before we learned that to make sense of the dot surfaces, hydrogens should be colored to match the atom they bond to. However, this version makes the very important point that the protein surface consists almost entirely ofhydrogens. That is true both for the outside, which contacts solvent and other molecules, and also for the internal contact surfaces between parts of the protein. We will return to this point later.
Ribbon schematics, either hand-drawn (plate 4; Richardson, 1985) or computer-generated ( Fig. 1 ; Carson and Bugg, 1986) , also attempt to combine one and three dimensions. Obviously, they show the path of the polypeptide chain, with cues that try to make the connectivity and relative positions unambiguous. However, they also reflect important parts of the interactions in three dimensions. For instance, the plane ofthe A-strand arrows or of the helical ribbons follows the hydrogenbonding direction, so that when the planes of neighboring arrows turn in synchrony you perceive them as belonging together in a unified sheet.
Plate 5 shows another such attempt, for pancreatic trypsin inhibitor, made from wooden closet pole with a mitre/bevel saw. It uses distance, angle, and dihedral values for successive a-carbon positions, in the same way as a wire backbone model (Rubin and Richardson, 1972) , but the wood is thick enough so that the parts ofit almost touch at hydrogen-bonding distance. The connectivity is clear, but there is also the strong feeling of a compact but nonintersecting chain in three dimensions.
It is also possible to show explicitly the interactions PLATE 4 Ribbon schematic drawing of the ribonuclease A backbone. Helices are shown as red spirals and a strands as arrows, with the outside of the sheet blue and the inside lilac.
FIGURE 1 Computer-drawn ribbon schematic ofa serine protease molecule (PDB file 2SGA; James et al., 1980 Fig. 2 and later in Kinemage 7. These "small-probe contact dots" (used in Richardson, 1987, 1989b) FIGURE 2 "Small probe" dots to show the van der Waals contacts between the A helix and its neighbors in the four-helix bundle of myohenerythrin (PDB file 2MHR; Sheriffet al., 1987) . The central leucine, for instance, touches both sidechains (e.g., the Phe ring) and also backbone of other helices. PLATE 6 Domain motions in T4 phage lysozyme (PDB file 3LZM; Jacobson et al., 1992 hibitor and the three-dimensional structure into which it folds, with a ribbon backbone and full sidechains. As a metaphor for that process, plate 8 shows a flat sheet of paper and the object into which it can be folded by origami. In both cases, the starting material is simple and has few interesting properties, but the final product has complex structure and biological function: BPTI inhibits trypsin, and the canary might fly or sing. Also, in both cases, it is not obvious how the pattern of creases in the paper or the order of amino acids in the sequence produces the final structure. In the absence ofan instruction book, one way of learning some of the folding rules is to study, for instance, origami pieces of many kinds of birds, to see how the paper layers in the wings are arranged relative to the tails, and then correlate that with PLATE 7 3-D structure of trypsin inhibitor (ribbon backbone, stick figure side chains) versus the one-dimensional amino-acid sequence from which it folds. Rao and Rossmann, 1973) . When initially discovered, such pairs of structures were considered so similar as surely to be related, but later it was realized that they represented especially favorable arrangements that could also arise by convergent evolution. Kinemage 3 demonstrates why this structure is called "doubly wound", by building up the chain sequentially from NH2 to COOH terminus. It starts in the middle of the sheet and winds to the left, depositing helical crossovers on the back side of the sheet, and then switches back to the middle and winds to the right, putting helical loops on the front side. This tertiary structure is shaped by the demands of using right-handed crossovers, protecting both sides ofthe parallel sheet, and preferring to move over by only one strand at a time. The reverse doubly wound structure, which would wind from the edges in to the center and have the COOH-terminus in the middle, seems equally plausible a priori. However, it does not ever occur, either Looking (Chothia, 1973) , which is right-handed as you look along the strand direction; the twist is an indirect consequence of the handedness of the amino acids. For antiparallel sheet, the backbone hydrogen-bonds come in pairs, alternating a narrow pair and a wide pair. The sidechain direction also alternates from one side of the sheet to the other, with adjacent sidechain pairs on the two strands in register. Therefore, on one side of the ribbon (the top side here) sidechains stick out from between narrow pairs of Hbonds, and on the other (back) side they stick out from between wide pairs of H-bonds. Salemme (1983) has shown that those two sides of a ,B ribbon are not quite equivalent, and that conformational preferences cause the ribbon to curl somewhat toward the narrow-pair side. That can be seen in this example, which has a rather pronounced curl toward the side facing us. Another obvious property of f hairpins is that the two strands are neighbors in the sequence, since they are joined by a turn at one end. For protein structure in general, entropy favors the interaction of two adjacent pieces of the chain rather than two that are distant in the sequence.
Indeed, in A sheet proteins, such as the immunoglobulin domain in plate 1 1, most of the connections are hairpins between adjacent strands (shown in purple). Some proteins have all their connections adjacent, but the great majority include connections that skip over several strands, like the blue ones in plate 11 which skip two strands and cross over an end of the barrel. We call this arrangement a Greek key structure (Richardson, 1977) Plate 13 a shows 'y crystallin, with its six : strands (out of eight) of Greek key topology highlighted; the paired strands have the same color, shading from yellow at the ends to dark orange near the central hairpin turn. This representation emphasizes our ideas about how these domains might fold. Of course that is not the only useful thing to show in this structure. Plate 13 b color codes the sheet structure of each domain, with one four-stranded sheet in yellow and the other in green; this emphasizes the packing ofthe sheets in the final structure. Plate 13 c shows -y crystallin from an evolutionary perspective, where the color coding shows four-strand units that are homologous in both sequence and structure. Each unit includes three strands from one sheet and one from the opposite sheet. There was almost certainly one duplication of the four-strand unit to make the domain structure, and another duplication to create two similar domains (all three representations show the twofold relationship between the domains). These are three very different descriptions, but all of them are reasonable and informative. One advantage, in fact, of these schematic drawings is that people realize they involve subjective FIGURE 5 Schematic ribbon drawing of the classic "doubly-wound" backbone fold ofthe nucleotide-binding domain from lactate dehydrogenase (PDB file 6LDH; Abad-Zapatero et al., 1987) . The chain starts in the middle ofthe ,B sheet and winds to the front with loops at the left, then skips back to the middle and winds toward the rear with loops at the right (animated in Kinemage 3).
produces the Greek key topology automatically, as shown in Fig. 8 . The Greek key connections make sense if the protein is going together two strands at a time rather than one strand at a time.
To appreciate the organization ofa Greek key protein, see Kinemage 5, which explores the eight-stranded Greek key ,B barrel ofsatellite tobacco necrosis virus protein (STNV). First the eight strands are built up sequentially from N H2 to COOH terminus, and then instead they are built up by the strand pairs of the proposed Greek key hairpin. Fig. 9 shows this strand pairing on a schematic drawing ofSTNV. For all ofthe known Greek key barrel structures, the optimal strand pairing when judged by number of strands and number of H-bonds is also the one with its hydrophobic sidechains on the side of preferred curl (see above), which should promote its curling together and then self-associating during folding. Recent findings, both theoretical ideas like the preferred FIGURE 6 Stick figure, in stereo, of the two-stranded a hairpin from basic pancreatic trypsin inhibitor (BPTI; PDB file 5PTI; Wlodawer et al., 1984) The first step in a protein design is the choice of a tertiary structure type and of the specific backbone framework that is to be the design goal. A "de novo" design is one that is not based on, or homologous to, any specific natural protein, although it usually is meant to embody the simplest common core ofsome set ofsimilar proteins. The two designs we have worked on the most, Betabellin and Felix, are based on proteins like the two shown in plates 14 and 15: Cu, Zn superoxide dismutase to represent antiparallel barrels and cytochrome b562 to represent four-helix bundles.
Plate 16 shows a ribbon drawing of Betabellin, which has a four-stranded, simply connected up-and-down d sheet in the front and another identical sheet in the back Richardson, 1987, 1989a De novo design is the inverse of the prediction problem: instead of starting from a sequence and predicting the three-dimensional structure it will fold into, you start with a proposed structure, choose a sequence that would fold into that structure, and then make it and see whether indeed it does. The design project ties in closely with looking at proteins, from two different directions: first, it allows us to test some of the ideas that came from looking at known structures; and second, it has provided PLATE 12 The traditional "Greek key" border pattern, on an Attic white lekythos (5th century B.C.; National Museum, Athens). FIGURE 7 Stylized "Greek key" patterns ofincreasing complexity, all with the counterclockwise swirl direction ofprotein ,3 barrels viewed from the outside. One of the motifs has arrows to show how the ,B strands fit in, and one has shading between the strands that curl around together as a pair.
the resin at the top of the drawing, and from which the two identical half-chains could be synthesized at the same time (Unson et al., 1984) . There is a disulfide bridge across the inside ofthe a barrel, like the one which connects the two sheets of an immunoglobulin domain. The hairpin turns are meant to be short, separated by 6-residue antiparallel a strands, so that each sheet includes 32 residues. a N/ Necrosis Virus FIGURE 9 The Greek key ,B barrel of satellite tobacco necrosis virus (STNV; PDB file 2STV; Jones and Liljas, 1984) , with matched shading on the preferred pair of strands that wind around side-by-side to form the structure. Alternative animations are shown in Kinemage 5.
Looking at Proteins: Representations, Folding, Packing, and Design 1195 FIGURE 8 Hypothetical scheme for how a two-stranded # ribbon could fold up into a ,B barrel, with the original preference of twist and curl directions automatically producing the Greek key topology, the swirl handedness, and the choice of strand pairing that are seen in the known structures of this type. (Richardson and Richardson, 1987) , with two identical fourstranded ,B sheets (pink and blue) joined by a two-armed crosslinker (yellow).
FelLx FIGURE 10
The designed amino-acid sequence of Felix (PDB files 1,3FLX; Hecht et al., 1990) , shown on a ribbon drawing of the intended four-helix bundle tertiary structure. The bundle is a "left-turning" one (that is, it turns left at the top ofthe first helix), and there is a disulfide between helices 1 and 4. The circular dichroism (CD) spectrum measured for Felix, as produced by in vivo expression of the synthetic gene (Hecht et al., 1990) . It shows the expected double minima characteristic ofa-helix.
FIGURE 1i Stylization ofthe transformation between left-turning and right-turning helix bundles, with helices A and B as the reference pair, in end view. The hydrophobic half of their surfaces is shaded, with a triangular notch and projection to symbolize the A-B interaction in the original bundle, and SS for the disulfide. On the right-hand side of the figure, helices A and B have rotated inward like meshed gears; this brings their smooth contacts together and makes a hydrophobic surface for the rest of the bundle on the bottom rather than the top, so the sequence proceeds the other way around the bundle. In the right-turning version, the two Cys point outward from opposite sides ofthe molecule. groups exposed in the first helical turn, which mimics very closely the helical H-bond geometry that the previous peptide along the chain might have made. In effect the Asn side-chain competes with the polypeptide chain for interacting at the previous open H-bonding site, thus making it more likely that the helix will begin at the Asn. Asp is also a good N-cap; it is almost as good as Asn for the H-bond, and it has the added advantage of a favorable interaction with the helix dipole (Shoemaker et al., 1987) The second general lesson we have learned about the design process is the necessity for what we think of as "negative design". The worst problem with any kind of molecular modeling is that showing a sequence fits well with one particular structure does nothing to prove there is not another structure it fits even better. Both modeling and design are still quite unreliable processes, as one can tell by the fact that no one ever builds a model ofa given sequence into a certain structure and decides it does not fit. In making our designs, we now spend a lot of our effort trying to ensure incompatibility with the more obvious alternative structures. The most interesting part has been looking at the structures of natural proteins from this inside-out perspective and trying to figure out what they are doing to actively avoid structural alternatives. We are beginning to find some sequence choices that do nothing favorable for the native structure but are needed to keep the protein from doing something else all or part of the time. Thus, to produce a four-helix bundle with a specific topology we must somehow control which pairing ofhelix-helix contacts is preferred. For Felix we built models of both possible structures and tried to make the sidechains fit well in the left-turning form and badly in the right-turning form. We also tried to make the connections work better in the left-turning form. Most importantly, however, we designed a disulfide as away ofdistinguishing which of the two structures is actually formed. Cys 11 and Cys 71 in Felix lie midway along the first and last a-helices, in good geometry to form a disulfide in the left-turning bundle. However, as seen in Fig. 11, for philic half, and a yellow and an orange stripe to show the two hydrophobic contact surfaces. On each helical turn, the chain passes first through the orange stripe and then through the yellow stripe. Helices a and b (and c and d) put their yellow surfaces together and helices b and c (and d and a) put their orange surfaces together, and the chain turns to the left at the top of the first helix. This is only one of two possible arrangements, which a native protein never confuses although the contacts all look very much alike to people. In the alternative bundle topology, helices a and b put orange surfaces together and the chain turns to the right. Fig. 11 is another way of visualizing this bundle-topology choice, using the a -b helix pair as reference. The contacts with bumps and cutouts correspond to yellow stripes and the smooth contacts to orange stripes. The left side ofthe figure shows the left-turning arrangement; imagine grabbing that a -b helix pair and rotating them 90°like two meshing gearwheels, ending up with their smooth surfaces together as on the right side. Now the leftover hydrophobic sides are on the bottom surface of the a -b pair rather than the top surface, so the other two helices must pack at the bottom and end up producing a right-turning bundle. Hypothetical scheme of stages in the process of protein folding, with the formation first of partial secondary structure, then of approximate tertiary structure, and finally the minor but crucial rearrangements into a unique and well ordered native structure. Protein designs achieve approximately correct structures, but have not yet managed that final step. Betabellin (see Fig. 14) , for which there was no empirical database of structural information. This allowed the individual sheet peptides to be purified more easily, the disulfide formed well, the solubility improved signifi- , 1978) . The blue and green subunits do H-bond at their inner fl sheet edges, like the sort ofinteraction we wish to prevent in Betabellin; however, interaction at the outer edges is prevented with a strongly curved strand in the top sheet and a very short strand in the bottom sheet.
PLATE 24 The outer edges of the ,B sandwich in concanavalin A (PDB file 2CNA; Reeke et al., 1975) , with a single inward-pointing lysine sidechain (marked in white) to help prevent edge-to-edge aggregation.
Backbone is emphasized with a three-strand yellow ribbon, and the contacts of inward-pointing sidechains are shown with small-probe dots.
and Type II' conformations, which fit the fi sheet twist nicely (see Fig. 16 ) but include one or two positive k angles which are unfavorable for non-glycine L-amino acids. For Betabellin 12, we took advantage of peptide synthesis to put a D-Pro,D-Asp sequence at each of the turns to favor a Type I' conformation, and indeed this material was better than any previous version (McClain et al., 1992) . The most impressive improvement for Betabellin 12 was in its NMR spectrum, which looks rather nativelike, with good spectral dispersion (Fig. 17 ) and large numbers of NOE (nuclear Overhauser) cross-peaks. NMR is a very valuable tool for assessing designed proteins, although it mainly tells you things you did not want to hear, such as that your material is not pure or that there is not a unique conformation. In this case, however, we were able to make a sequential assignment of almost all the proton resonances. Plate 22 shows a superposition of two-dimensional COSY (throughbond) and NOESY (through-space) spectra in the NHCaH fingerprint region. The short range NOEs show that regions of sequence designed as a strands are consistent with extended strands, and there are definitely turns in the right places. However, there are somewhat more COSY peaks than there should be, which is indicative of more than one conformation. Even more disturbingly, it turned out that none ofthe NOEs are "long range" in the sequence, or represent tertiary-structure interactions rather than local conformation. One way of stating the problem is that there are three aromatic residues in the unique half-sequence, and none of those ring protons Richardson et Betabellin, then, Felix, and all other designed proteins that have been characterized to this extent, seem to behave more like "molten globules" (Ohgushi and Wada, 1983) , or partially folded proteins, than they do like natural proteins with a unique native structure. Kinemage 6 shows two different computer models that were built for Felix. They were built by different people and slightly different strategies, but both incorporate all the design criteria and have been carefully adjusted and minimized. They are very similar, but the animation between them shows that the helix angles change a bit and some side chains move quite significantly. If the real Felix protein can sample conformations this different, then it would indeed appear rather like a molten globule.
In summary, the field of protein design has recently come out to a rather unexpected general result: it is apparently well within the present state of knowledge to design and make entirely new proteins that fold up to approximately the intended three-dimensional structure, but no one yet knows enough to achieve a unique, native-like structure. Initial expectations were wrong about which was the hard step: it is near the end rather than near the beginning. IfFig. 18 represents an approximation of the folding process, then these designs have managed nucleation and initial structure formation but are currently stuck partway through the process; the ends are not tucked in and there are multiple conformations on the inside. We had initially expected that once one got this close, it would be easy to improve the structure by making individual "mutations" and accumulating the best ones. However, it now appears that there are probably problems in several parts of our designs, and the degree ofdisorder will not change appreciably ifwe manage to fix just one of them. The natural proteins apparently still know some tricks we don't know about successfully avoiding alternative structures and settling into a dynamic but unique conformation. less common than one would have supposed (Ponder and Richards, 1987; Richardson and Richardson, 1989b) . Therefore, to consider packing and uniqueness for a sheet interior, we will begin by analyzing the threefold choice of each side chain and the patterns of how those choices influence one another.
The three staggered x' conformations are: (a) -60°, with Cy opposite the mainchain CO; (b) 1800, with C-y opposite the mainchain N; (c) +600, with Cy opposite the CaH, perpendicular to the backbone. (Since we will concentrate on aromatics here, we do not need to worry about the choice of reference atom for C13-branched residues.) For sidechains in general, the "a" x I conformation is preferred, "b" a bit less so, and "c" is relatively rare (Janin and Wodak, 1978) . For aromatic sidechains on the buried sides of sheets, however, the perpendicular "c" conformation is quite common (Richardson and Richardson, 1989b) .
The Con A sheet of Kinemage 7 has 3 buried aromatics in the perpendicular x l conformation, each interacting with a different amino acid as partner across the narrow H-bond pair: Phe 197 with Gly 48, Phe 195 with Ala 50, and Phe 128 with Phe 11 1. In that x I orientation, the aromatic ring lies almost directly on top of the Ca and C ofthe residue on the neighboring strand, across a narrow pair of H-bonds (see plate 28). Looking at Phe 195 along the plane of the sheet (see Fig. 20 or Kinemage 7), we can see that the Ca -C vector leans back somewhat from vertical, pushed away by the methyl group of Ala 50. For Phe 197, whose partner is a Gly, the Ca -C13 vector leans forward somewhat in order for the Phe ring to touch the backbone of the Gly.
These van der Waals contacts can be shown explicitly with small probe dots (Kinemage 7). If the dot contacts are calculated with implicit H (the usual method, which increases each heavy atom radius to produce the correct total volume for the atom plus its hydrogens), they show a large contact on each face of the ring but almost nothing around the edges; the Phe-Ala contact overlaps a little and the Phe-Gly looks sparse. This is because the aromatic ring H's and the Gly CaH have asymmetrical positions around their heavy atoms and are not at all well represented by radially symmetric, implicit H. Dot contacts calculated with explicit H atoms (Kinemage 7) show excellent, detailed fit all around the ring, with the large flat surface ofthe Ala methyl or the Gly CaH fitting right up against the side of the ring and other groups touching the H atoms around the edge. This emphasizes again the necessity of including the H atoms in any serious analysis either ofinternal packing or ofbinding sites.
One reason, then, for the x l = +600 conformation for aromatics on buried sides of : sheets is that with a small adjustment of the backbone one way or the other they can make a good contact with either a Ca group ofGly or a C: group on some other side chain. In fact, for a small residue like Gly or Ala, the only surrounding position on the same sheet that can occupy the space above it is a large sidechain with x I = +60°across the narrow pair of H-bonds. Statistically, on buried sides of sheets, an aromatic which is across a narrow H-bond pair from a Gly or Ala will almost invariably adopt the x' = +60°c onformation. Ala. However, when a buried aromatic is across from a side chain longer than Ala, it only adopts the x' = +60°c onformation half to one-third of the time. The reason for this difference is obvious, of course: the partner side chain also has a choice of conformation, and if it lies toward the aromatic, the aromatic must move out of the way into one of the other x I positions. This emphasizes that the entire set ofsheet residues are making conformational choices and those choices all interact with their neighbors. This system is rather like a spin glass in physics, where each lattice point has a choice of up or down spins, but the spins all interact with their neighbors.
We need to find out, then, not only what is the best set of conformations for any given sequence on a sheet, but we also need to learn the rules for which arrangements of side chains on a sheet produce a unique best conformation and which produce multiple equivalent choices. This understanding is presumably necessary before we can design new proteins with unique, truly native-like conformations, and it also will tell us a lot about how natural proteins design their structures, either during evolution or during folding.
Finally, our ideas about looking at proteins can be summarized by one trivial statement and a few outrageous ones:
(a) Viewpoint and selectivity are both crucial: to make sense of complex things, you need to look at them in the right way, and add or delete parts.
(b) What makes proteins interesting as structures is that they are inherently both one-dimensional and threedimensional at the same time.
(c) 
